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Abstract. We present a determination by the Archeops experiment of the angular power spectrum of the cosmic
microwave background anisotropy in 16 bins over the multipole range ` = 15− 350. Archeops was conceived as a
precursor of the Planck HFI instrument by using the same optical design and the same technology for the detectors
and their cooling. Archeops is a balloon–borne instrument consisting of a 1.5 m aperture diameter telescope and
an array of 21 photometers maintained at  100 mK that are operating in 4 frequency bands centered at 143,
217, 353 and 545 GHz. The data were taken during the Arctic night of February 7, 2002 after the instrument
was launched by CNES from Esrange base (Sweden). The entire data cover  30% of the sky. This first analysis
was obtained with a small subset of the dataset using the most sensitive photometer in each CMB band (143
and 217 GHz) and 12.6% of the sky at galactic latitudes above 30 degrees where the foreground contamination is
measured to be negligible. The large sky coverage and medium resolution (better than 15 arcminutes) provide for
the first time a high signal-to-noise ratio determination of the power spectrum over angular scales that include
both the first acoustic peak and scales probed by COBE/DMR. With a binning of ∆`=7 to 25 the error bars are
dominated by sample variance for ` below 200. A companion paper details the cosmological implications.
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1. Introduction
Observations of the Cosmic Microwave Background
(CMB) temperature anisotropies have provided answers
to fundamental questions in cosmology. The observational
determination of the CMB angular power spectrum has al-
ready led to important insights on the structure and evolu-
tion of the universe. Most notable are the conclusions that
the geometry of space is essentially flat (Miller et al. 1999,
de Bernardis et al. 2000, Hanany et al. 2000) and
that the measurements are consistent with the
inflationary paradigm (Nettereld et al. 2002,
Lee et al. 2001, Halverson et al. 2002, Sievers et al. 2002,
Rubi~no-Martin et al. 2002). Since the rst detection of
CMB anisotropy with COBE/DMR (Smoot et al. 1992),
a host of experiments have measured the spectrum down
to sub{degree scales, but measurements at large angular
scales remain dicult, due to the large sky coverage
required to access these modes. This diculty will be
overcome by the future full{sky space missions MAP and
Planck.
This paper presents the rst results from Archeops, an
experiment designed to obtain large sky coverage in a sin-
gle balloon flight. A detailed description of the instrument
inflight performance will be given in Beno^t et al. (2002c);
here we provide only essential information. Archeops1 is a
balloon{borne experiment with a 1.5 m o{axis Gregorian
telescope capable of providing a beam of 8’ full-width at
half-maximum (FWHM) at 143 GHz, and with a bolo-
metric array of 21 photometers operating at frequency
bands centered at 143 GHz (8 bolometers), 217 GHz (6),
353 GHz (6=3 polarized pairs) and 545 GHz (1). The focal
plane is maintained at a temperature of ∼ 100mK using a
3He-4He dilution cryostat. Observations are carried out by
turning the payload at 2 rpm in circular scans at a xed
elevation of ∼ 41 deg. Observations of a single night cover
a large fraction of the sky as the circular scans drift across
the sky due to the rotation of the Earth. The instrument
was flown successfully three times, from Trapani (Sicily)
in July 1999 (Beno^t et al. 2002a), from Kiruna (Sweden)
in January 2001, from Sweden again in February 2002.
The analysis here concentrates on the data from the third
flight and from only one detector at 217 GHz and one at
143 GHz, which gave the highest CMB sensitivity of 150
and 90 µKCMB.s1/2 respectively.
2. Observations and processing of the data
The experiment was launched on February 7, 2002 by
the CNES2 from the Swedish balloon base in Esrange,
near Kiruna, Sweden, 68◦N, 20◦E. It reached a float
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altitude of ∼ 34 km and landed 21.5 hours later in
Siberia near Noril’sk, where it was recovered by a Franco-
Russian team. The night{time scientic observations span
11.7 hours of integration from 15.3 UT to 3.0 UT the next
day. Fig. 1 shows the northern galactic part of the sky
observed during the flight.
Pointing reconstruction is performed using data from
a coaligned optical telescope. About 200 stars are used
per revolution to reconstruct the optical telescope attitude
and provide a pointing accuracy better than 1 arcminute
r.m.s. The pointing alignment oset for each photometer
is obtained by observing Jupiter. A fraction of less than
0.1 % of the data corresponding to a bad pointing quality
(r.m.s worse than 1.5’) were flagged and discarded from
the CMB analysis.
The raw Time Ordered Information (TOI), sampled
at 153 Hz, are decompressed, then ltered to take into
account the AC biasing scheme coming from the readout
electronics. Cosmic rays, electronic spikes, artifacts, and
noisy data are detected and flagged with an automatic al-
gorithm followed by visual inspection. The flagged data
representing less than 1.5% of the data are replaced by
a constrained realisation of noise for subsequent detrend-
ing and high{pass ltering. The data are corrected with a
bolometer model for drifts of the instrument response due
to changes in the background optical loading and in the
temperature of the focal plane. Low frequency drifts due to
airmass and temperature fluctuations of the various stages
of the cryostat are decorrelated using housekeeping data
(altitude, attitude, temperatures). Furthermore, the CMB
dipole, which dominates the signal around fspin ' 0.03
Hz for the CMB photometers (143 and 217 GHz), and a
spin synchronous atmospheric signal correlated to eleva-
tion are subtracted from the data. The data streams are
then deconvolved from the photometer time constants as
measured on Jupiter and Saturn. To remove residual dust
and atmospheric signal in the interval 0.5{2 Hz, the data
from the CMB photometers are decorrelated with a linear
combination of the high frequency photometers and syn-
thetic dust timeline obtained by observation of a Galactic
template3 (Schlegel et al. 1998).
The CMB dipole that is detected in the data
is the prime calibrator of the instrument. The abso-
lute calibration error against the dipole measured by
COBE/DMR (Smoot et al. 1992) is less than 4% and less
than 8% in temperature at 143 GHz and 217 GHz, re-
spectively. The main uncertainty comes from a parasitic
signal in phase with the CMB dipole at fspin. It is es-
timated using higher frequency non-CMB channels. Two
other independent calibration methods, both with intrin-
sic uncertainty of ∼ 10%, give responsivities relative to
the dipole calibration at 143 and 217 GHz of -5 and +6%
(Jupiter) and -20 and -5% (COBE{FIRAS Galactic Plane
3 The high frequency photometers contain mainly atmo-
spheric signal and Galactic dust which do not have the same
frequency behaviour, they therefore have to be decorrelated
separately.
Fig. 1. Archeops CMB map (Galactic coordinates, north hemisphere) in HEALPIX pixelisation (Gorski et al. 1998) with 15 ar-
cminutes pixels and a 15 arcminutes Gaussian smoothing. The map was made by coadding the data from 2 photometers as
discussed in the text. The dark blue region is not included in the present analysis because of possible contamination by dust.
The Galactic anticenter is at the center of the map. The colors in the map range from -500 to 500 µKCMB.
emission), respectively. The beam shapes of the photome-
ters have been measured using in{flight observations of
Jupiter. They are moderately elliptical, having a ratio of
the major to minor axis of less than 1.2 and 1.5 for the
143 GHz and 217 GHz photometers respectively, and have
an equivalent FWHM of 11 and 13 arcminutes, respec-
tively. The error in beam size is less than 10%. An eec-
tive symmetrical beam shape is accounted for in the power
spectrum analysis. A detailed description of the data pro-
cessing pipeline will be given in Beno^t et al. (2002d).
3. Analysis
For the analysis in this paper, only pixels above a Galactic
latitude of 30 degrees are considered, giving a total of
∼ 100, 000 15 arcminutes pixels (HEALPIX nside=256)
covering 12.6% of the sky (see Fig. 1). Other regions begin
to be contaminated by foreground sources.
Our main method for extracting the CMB power
spectrum is an application of the MASTER ap-
proach (Hivon et al. 2001) that achieves speed by em-
ploying sub{optimal map{making and spectral determina-
tions. It is well adapted to the large dataset and permits
signicant time{domain ltering and a frequentist error
estimate of the nal power spectrum. The analysis ap-
proach assumes that the instrument noise is Gaussian and
stationary. We checked this assumption on a subset of data
that was selected for CMB analysis. Tests in both time and
frequency space include statistical comparison of the data
with realistic simulations. A small, slow (∼ 0.5%/hour)
drift of the noise r.m.s. level due to the slow drift of the
focal plane temperature was observed and accounted for
in the power spectrum estimation.
The measured asymmetric beam for each photometer
was taken into account in the analysis by using simula-
tions to determine an eective symmetrical beam transfer
function B`. This transfer function, which was used in the
MASTER CMB simulations, was in excellent agreement
with analytical estimates (Fosalba et al. 2002).
3.1. Noise power spectrum estimation
First, the Fourier noise power spectrum is estimated for
each photometer. Signal contamination is avoided by sub-
tracting the data projected onto a map (and then re{
read with the scanning strategy) from the initial TOI.
This raw noise power spectrum is then corrected for
two important eects (Beno^t et al. 2002e): (i) pixelisa-
tion of the Galactic signal that leads to an overesti-
mate of the noise power spectrum (Dore et al. 2001): sub{
pixel frequencies of the signal are not subtracted from
the inital TOI leaving extra signal at high frequency;
(ii) due to the nite number of samples per pixel, noise
remains in the map and is subtracted from the initial
TOI, inducing an underestimation of the actual noise in
the nal TOI (Ferreira et al. 1999, Stompor et al. 2001).
Simulations, including realistic noise, Galactic dust and
CMB anisotropies, indicate that both corrections are in-
dependent of the shape of the true, underlying noise power
spectrum, and thus permit an unbiased estimate of the
latter with an accuracy better than 1% at all frequencies.
The corresponding uncertainty in the noise power spec-
trum estimation is included in the error bars of the C`
spectrum.
3.2. Map–making
The data are bandpassed between 0.3 and 45 Hz, corre-
sponding to about 30 degrees and 15 arcminutes scales,
respectively. The high-pass lter removes remaining at-
mospheric and galactic contamination, the low-pass lter
suppresses non-stationary high frequency noise. The lter-
ing is done in such a way that ringing eects of the signal
on bright compact sources (mainly the Galactic plane) are
smaller than ∼ 36 µK2 on the CMB power spectrum in
the very rst `{bin, and negligible for larger multipoles.
Filtered TOIs of each absolutely calibrated detector are
co{added on the sky to form detector maps. The map
shown in Fig. 1 is obtained by combining the maps of
each of the photometers. A 1/σ2 weighting of the data
was done in each pixel, where σ2 is the variance of the
data in that pixel. This map shows signicant extra vari-
ance compared to the dierence map on degree angular
scales which is attributed to sky{stationary signal.
3.3. CMB power spectrum estimation
Sixteen flat{band powers in bins ranging from ` = 15 to
` = 350 are estimated. The window functions derived from
the multipole binning and renormalized to equal ampli-
tude for clarity are shown at the bottom of Fig. 3. They
are nearly top-hat functions due to the large sky coverage.
The bins can therefore be approximated as independent:
o{diagonal terms in the covariance matrix are less than
∼ 12%. For the purpose of estimating the power spectrum
we made a map that combines the data of the two pho-
tometers using two dierent weighting techniques. Up to
` = 310 the data of each photometer has equal weight
and at larger ` values the data is noise weighted. This
procedure is valid because the multipole bins are nearly
independent. The procedure is advantageous because it
minimizes the overall statistical noise over the entire `
spectrum; equal weighting gives smaller error bars at small
`’s and noise weighting gives smaller error bars at large `.
4. Results and robustness tests
The Archeops power spectrum is presented in Fig. 2 and
in Tab. 1. Two dierent binnings corresponding to over-
lapping, shifted window functions (therefore not indepen-
dent) were used. Archeops provides the highest ` reso-
lution (` from 7 to 25) and most precise measurement
of the angular power spectrum for 15 < ` < 300 to date.
Sample{variance contributes 50% or more of the total sta-
tistical error up to ` ∼ 200.
The Archeops scanning strategy (large circles on the
sky) provides a simple and robust test of systematic er-
rors and data analysis procedures: by changing the sign
of the ltered TOIs every other circle, a TOI that should
not contain any signal is obtained once it is projected on
the sky. This TOI has the same noise power spectrum as
the original one. This null test is referred to as the self-
dierence (SD) test. The angular power spectrum of such
a dataset should be consistent with zero at all multipoles
because successive circles greatly overlap. This test has
been performed with the two photometers independently.
The spectra are consistent with zero at all modes: χ2/ndf
of 21/16 and 27/16 for 143 GHz and 217 GHz photometers
respectively. Performed on the two{photometers co{added
map, the same test gives a power spectrum consistent with
zero, with a χ2/ndf of 25/16 (see Fig. 2). These results
show that there is no signicant correlated noise among
the two photometers and that the noise model is correct.
They limit the magnitude of non{sky{stationary signals
to a small fraction of the sky{stationary signal detected
in the maps.
Fig. 2. The Archeops CMB power spectrum for the combina-
tion of the two photometers. Green and red data points cor-
respond to two overlapping binnings and are therefore not in-
dependent. The light open diamonds show the null test result-
ing from the self difference (SD) of both photometers and the
light open triangles correspond to the difference (D) of both
photometers (shifted by -2500 µK2 for clarity) as described in




(µK)2 SD (µK)2 D (µK)2
15 22 789  537 −21  34 −14  34
22 35 936  230 −6  25 34  21
35 45 1198  262 −69  45 −75  35
45 60 912  224 −18  50 9  37
60 80 1596  224 −33  63 −8  44
80 95 1954  280 17  105 169  75
95 110 2625  325 −368  128 −35  92
110 125 2681  364 127  156 46  107
125 145 3454  358 82  166 −57  114
145 165 3681  396 −154  196 −75  140
165 185 4586  462 −523  239 −97  177
185 210 4801  469 −50  276 44  187
210 240 4559  467 −382  192 −326  206
240 275 5049  488 35  226 −349  247
275 310 3307  560 346  269 220  306
310 350 2629  471 356  323 −619  358
Table 1. The Archeops CMB power spectrum for the best
two photometers (third column). Data points given in this ta-
ble correspond to the red points in Fig. 2. The fourth column
shows the power spectrum for the self difference (SD) of the
two photometers as described in section 4. The fifth column
shows the power spectrum for the difference (D) between the
two photometers.
A series of Jack-knife tests shows agreement between
the rst and second halves of the flight (the dierence of
the power spectra has χ2/ndf = 21/16), left and right
halfs of the map obtained with a cut in Galactic longitude
(χ2/ndf = 15/16). Individual power spectra of the two
photometers agree once absolute calibration uncertainties
are taken into account. The power spectrum measured on
Fig. 3. Contamination by systematics : the Archeops CMB
power spectrum statistical error bars (including noise and sam-
ple variance) are shown as the blue triangles. The large error
bar in the first bin mainly comes from the high–pass filtering.
The sample variance is shown as black stars. A conservative
upper–limit to contamination by dust and atmospheric signal
is shown in red crosses, with a ` different binning to enhance
the low ` side. The effect of a 1σ beam and time constants
uncertainty is shown as the dot-dashed blue and dashed green
line respectively. The 7% temperature calibration uncertainty
is not shown in the figure. At the bottom of the figure, the
window functions for each multipole bin normalized to equal
amplitude are represented.
the dierences (D) between the two photometers is con-
sistent with zero with a χ2/ndf of 22/16 (Fig. 2) showing
that the electromagnetic spectrum of the sky{stationary
signal is consistent with that of the CMB. The measured
CMB power spectrum depends neither on the Galactic cut
(20, 30 and 40 degrees north from the Galactic plane), nor
on the resolution of the maps (27, 14 and 7’ pixel size, cor-
responding to nside = 128, 256 and 512) nor on the TOI
highpass ltering frequencies (0.3, 1 and 2 Hz).
Several systematic eects have been estimated and
are summarized in Fig. 3, along with the statistical er-
rors (blue triangles). The high frequency photometer
(545 GHz) is only sensitive to dust and atmospheric emis-
sion, and thus oers a way to estimate the eect of any
residual Galactic or atmospheric emission. Extrapolation
of its power spectrum using a Rayleigh-Jeans spectrum
times a ν2 emissivity law between 545 and 217 GHz and as
ν0 between 217 and 143 GHz gives an upper{limit on the
possible contamination by dust and atmosphere. The ini-
tal TOI was already decorrelated from the high frequency
photometer and the residual contamination is estimated
to be much smaller than 50% of the initial one. The subse-
quent conservative upper{limit for dust and atmosphere
contamination (50%) is shown in red crosses in Fig. 3.
The contamination appears negligible in all bins but the
rst one (` = 15 to 22). High frequency spectral leaks in
the lters at 143 and 217 GHz were measured to give a
contribution less than half of the above contamination.
In the region used to estimate the CMB power spectrum
there are 651 extragalactic sources in the Parkes-MIT-
NRAO catalog. These sources are mainly AGN, and their
flux decreases with frequency. We have estimated their
contribution to the power spectrum using the WOMBAT
tools (Sokasian et al. 2001). At 143 (resp. 217) GHz this is
less than 2 (resp. 1) percent of the measured power spec-
trum at ` ∼ 350. The beam and photometer time con-
stant uncertainties were obtained through a simultaneous
t on Jupiter crossings. Their eect is shown as the dot{
dashed blue and green{dashed lines in Fig. 3. The beam
uncertainty includes the imperfect knowledge of the beam
transfer function for each photometer’s elliptical beam.
Beam and time constants uncertainties act as a global
multiplicative factor, but in the gure we show the 1σ ef-
fect on a theoretical power spectrum that has a good t
to the data. After the coaddition of the two photometers,
the absolute calibration uncertainty (not represented in
Fig. 3) is estimated as 7% (in CMB temperature units)
with Monte{Carlo simulations.
As a nal robustness test, the Archeops C` are
computed using two additional independent methods.
The rst is based on noise estimation with an iterative
multi-grid method, MAPCUMBA (Dore et al. 2001),
simple map{making and C` estimation using
SpICE (Szapudi et al. 2001) which corrects for mask
eects and noise ponderation through a correla-
tion function analysis. The second is based on
MIRAGE iterative map{making (Yvon et al. 2002)
followed by multi{component spectral match-
ing (Cardoso et al. 2002, Patanchon et al. 2002). All
methods use a dierent map{making and C` estimation
method. Results between the three methods are in good
agreement, which gives condence in both the C` and in
the upper{limits for possible systematic errors. Table 1
provides the angular power spectrum which is used for
cosmological parameter extraction (Beno^t et al. 2002b).
A comparison of the present results with other re-
cent experiment and COBE/DMR is shown in Fig. 4.
There is good agreement with other experiments, given
calibration uncertainties, and particularly with the power
COBE/DMR measures at low ` and the location of the
rst acoustic peak. Work is in progress to improve the in-
tercalibration of the photometers, the accuracy and the `
range of the power spectrum: the low ` range will be im-
proved increasing the eective sky area for CMB (which
requires an ecient control of dust contamination), the
high ` range will be improved by including more photome-
ter pixels in the analysis.
5. Conclusions
The Archeops experiment has observed a large portion
of the sky. Maps from the two highest sensitivity detec-
tors at 143 and 217 GHz show consistent, sky{stationary
anisotropy signal that appears inconsistent with any
known astrophysical source other than CMB anisotropy.
The angular power spectrum of this signal at multipoles
Fig. 4. The Archeops power spectrum compared with results
of COBE, Boomerang, Dasi, Maxima (Tegmark et al. 1996,
Netterfield et al. 2002, Lee et al. 2001, Halverson et al. 2002).
between ` = 15 and ` = 350 shows a clear peak at
` ' 200. These results are consistent with predictions
by inflationary{motivated cosmologies. Archeops provides
the highest signal-to-noise ratio mapping of the rst acous-
tic peak and its low{` side of any experiment to date and
covers the largest number of decades in `. It has been ob-
tained with a limited integration time (half a day) using
a technology similar to that of the Planck HFI experi-
ment. An extensive set of tests limits the contribution of
systematic errors to a small fraction of the statistical and
overall calibration errors in the experiment. More data
reduction is under way to increase the accuracy and `
range of the power spectrum. The determination of cos-
mological parameters are discussed in a companion pa-
per (Beno^t et al. 2002b).
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